The return signal of a noncoaxial lidar system with fiber-optic output is examined. The dependence of the overlap regions and the overlap factor of the system on the fiber diameter is calculated for several inclination angles between the laser beam and the optical receiver axes. The effect of central obstruction is included and both cases of Gaussian and quasi-Gaussian laser beam profiles are treated. The irradiance spatial distribution on the focal plane of the system is calculated and experimentally determined. Finally, an alignment procedure of the lidar system is described based on the comparison between the range-corrected lidar signal and the range-corrected exponentially attenuated Rayleigh backscattered coefficient.
Introduction
The lidar technique is a powerful tool for measuring the spatial and temporal distribution of particulate matter ͑aerosol͒ and specific molecular pollutants ͑i.e., O 3 , SO 2 , NO x ͒ in the atmosphere, as well as for studying the dynamics of the lower and free troposphere. [1] [2] [3] Although a typical lidar system can probe the atmosphere up to several kilometers in height, a great amount of scientific research is focused on the investigation of the lower atmosphere and especially the planetary boundary layer. 4 The increased urbanization and industrialization cause a continuous increase of the aerosol content in the lower troposphere. Raj et al. 5 suggested that there is a long-term increased trend in the aerosol column content in the 50 -1100-m layer because of the increased anthropogenic activity in urban areas. For the specific lidar site studied in Ref. 5 , the percentage contribution of the 50 -200-m lowest layer to the total loading in the 50 -1100-m layer is approximately 41%, which points to the necessity for correct interpretation of the lidar near-range signals. Furthermore, recent models, as well as experimental observations, show that there is a continuous exchange of air mass between the PBL and the adjacent free troposphere, which could lead to the formation of elevated and polluted atmospheric layers. 6 Therefore, it is of particular importance for a lidar system to be able to probe the lower troposphere to provide the first measurements at the lowest possible height. Unfortunately, the incomplete overlap between the laser beam and the receiver field of view ͑FOV͒, significantly affects the lidar measurements mainly in the near-field range ͑i.e., the first few hundred meters͒. Therefore, to interpret the near-field lidar data properly, certain considerations must be taken into account.
The basic lidar equation for a backscattering system can be written as 7 P͑ z͒ ϭ P o c 2 ␤͑ z͒ A tel O͑ z͒ 1 z
where P͑z͒ is the power incident on the receiving optics from distance z, P o is the laser output power, is the duration of the laser pulse, c is the velocity of light, ␤͑z͒ is the volume backscattering coefficient, a͑z͒ is the extinction coefficient of the atmosphere, and A tel is the receiver aperture, which is defined as A tel ϭ ͑r m 2 Ϫ r s 2 ͒, where r m and r s the radii of the telescope primary mirror and central obstruction, respectively. O͑z͒ is the so-called geometric form factor ͑or overlap factor͒. This factor represents the probability of radiation in the target plane at range z that reaches the detector based on geometric considerations.
In a typical noncoaxial backscattering lidar system, such as the one shown in Fig. 1 , the collecting efficiency of the receiving optics can be reduced mainly by two mechanisms. 7 The first includes the incomplete overlap of the transmitted laser beam with the receiver's FOV in the near-field range. If a central obstruction exists ͑such as a secondary mirror support or to a much lower extent a fiber-optic support mount͒, this mechanism also includes shadowing of the detector, which slightly reduces the detected lidar signal coming from medium distances. These two effects are taken into consideration by the overlap factor O͑z͒. The second mechanism is concerned with the fact that the radiation from a target plane located at a short or a medium range, is not focused onto the focal plane. Thus, a small detector positioned on the focal plane of the receiving telescope does not receive all the backscattered radiation.
All the above-mentioned effects give rise to a deviation of the detected signal from the z Ϫ2 dependence, as described by the lidar equation ͓Eq. ͑1͔͒. To interpret lidar data properly a correction factor should be applied. For the first of the two loss mechanisms, Riegl and Bernhard 8 calculated the overlap of the transmitted beam with the receiver FOV assuming a uniform intensity profile. Halldorsson and Langerholc 9 calculated the correction factors for the lidar equation for a Gaussian transmitted laser beam in a noncoaxial lidar system and in a coaxial system with a central obstruction. They also studied the effect of deviation from parallelism of the laser beam and optical receiver axes and of an axial displacement of the detector out of the focal plane. Sasano et al. 10 described the experimental determination of the geometric form factor based on the lidar equation and statistical averages of field measurements, whereas Kuze et al. 11 derived a somewhat arbitrary analytic expression for the same factor that was successfully used in fitting observed signals. A new approach to the problem was introduced recently by Velotta et al. 12 who reported on the calculation of the effective telescope area by a ray-tracing method and also by Wandinger and Ansmann 13 who suggested two methods for experimental determination of the overlap factor for a Raman lidar system. The first method is based on the correction of a pure molecular signal for aerosol transmission and the second on the comparison of backscattered coefficient profiles determined by the atmospheric nitrogen Raman lidar and Klett methods.
For the second of the two loss mechanisms, Harms et al. 14 derived analytic expressions for the irradiance in the focal plane and the detector power of a coaxial lidar system without a central obstruction assuming a Gaussian laser beam profile. Later Harms 15 extended his study to include lidar return signals for coaxial and noncoaxial systems with a central obstruction. Finally, Jenness et al. 16 examined the design considerations for a coaxial lidar receiver that utilizes an optical fiber to transfer backscattered radiation to a detection box.
The purpose of this paper is to examine the receiver response for a noncoaxial lidar system with a fiberoptic output. In Section 2 we briefly present the experimental setup of our lidar system. In Section 3 we calculate the overlap factors and the overlap regions of the system for various fiber diameters and inclinations. Both Gaussian and quasi-Gaussian laser intensity distribution at the target plane are considered. In Section 4 we study the irradiance spatial dependence on the fiber entrance for lidar return signals that originate from the near range, the middle range and the far range. In Section 5 we present our experimental results and describe the alignment procedure of the lidar system based on the comparison between the range-corrected lidar signal and the range-corrected exponentially attenuated Rayleigh backscattered coefficient. Finally, in Section 6 we present our conclusions and design considerations for a noncoaxial lidar system with fiber-optic output.
Experimental Setup
The lidar system of the National Technical University of Athens was designed to perform continuous measurements of suspended aerosol particles in the planetary boundary layer and the lower free troposphere. 17 The system is based on the second and third harmonic frequency of a compact, pulsed Nd: YAG laser that emits pulses of 180-and 100-mJ output energy at 532 and 355 nm, respectively, with a 10-Hz repetition rate. The optical receiver is a reflecting concave parabolic mirror ͑which induces low aberrations in its focal plane͒ with a diameter D ϭ 300 mm ͑so the radius r m ϭ 150 mm͒ and a focal length f ϭ 600 mm, directly coupled through an optical fiber to the lidar signal detection box ͑Fig. 1͒. The main advantage of such a geometry is the ability to design compact lidar systems that combine more than one telescope, each with a fiber-optic output. Furthermore, it enables the physical separation of the signal detection box from the receiving telescope, which is especially advantageous for scanning lidar systems. The optical fiber used in our system is made from fused silica and has a core diameter of 2 mm.
The holder of the optical fiber is placed on ͑or near͒ the focal plane ͑600 mm away from the primary mirror͒ and acts as a central obstruction with radius r s ϭ 10 mm. The distance between the center of the laser beam and the telescope axis is d 0 ϭ 300 mm for a 532-nm emitted beam. The radius of the laser beam is w 0 ϭ 5 mm and the beam divergence is 0.5 mrad. The FOV of the receiving system is determined by the diameter of the fiber and is given by
where D f is the core diameter of the fiber and f is the focal length of the telescope primary mirror. For optimum capture of the backscattered radiation the numerical aperture ͑N.A.͒ of the fiber should be compatible with the receiver's aperture ratio ͑or f-number͒ f͞D, where D is the diameter of the primary mirror. In our experimental setup the telescope's f-number is given by f-number tel ϭ f͞D ϭ 2.
The corresponding N.A. of the fiber is given by
where n f is the refractive index of the fiber's core ͑n f ϭ 1.461 at 532 nm͒ and n c is the refractive index of the fiber's cladding ͑n c ϭ 1.443 at 532 nm͒. Therefore, the N.A. of the fiber is N.A. f ϭ 0.23. According to Jenness et al., 16 the optimum match of the fiber's N.A. f to the telescope f-number requires
In our case Eq. ͑5͒ is fulfilled only if the telescope's focal length is increased by only 5.5% ͑from 600 to 633 mm͒, which means that the existing fiber-to-telescope match is already close to its optimum value. The corresponding fiber's acceptance angle is ϭ 13.3°, a value that supersedes the telescope FOV. What this means is that ideally the fiber intercepts all the lidar signals captured by the receiving telescope. Optical fibers made of glass or quartz are suitable for transmission of radiation up to a maximum wavelength of 2.5 m. In general, for lidar systems that involve laser sources in the mid-infrared part of the spectrum, such as HF-DF, Er:YAG lasers ͑3 m͒, or CO 2 lasers ͑10 m͒, flexible fibers or waveguides with low attenuation factors are required. In recent years several research groups suggested new delivery systems with such characteristics. For example, sapphire and fluoride glass fibers 18 ; ZrF glass; hollow plastic, hollow metallic, and dielectric-coated metallic hollow waveguides 19, 20 ; and liquid-core light guides 21 have been developed.
An optical fiber positioned at ͑or near͒ the focal plane acts as a field diaphragm and is convenient for the transfer of backscattered radiation to a remote detection box. But inevitably the delivery of the radiation through the fiber or waveguide is subject to loss. Two important relationships for the attenuation coefficient that govern the losses in hollow guides are given as 22
Simply put, the loss increases dramatically as radius r d of the fiber decreases, and there is an additional loss that is due to bending the fiber over a radius R. The attenuation imposed by the fiber or waveguide, relative to the input energy, is almost constant and so radiation from the near and the far fields is subject to the same losses. In our case the fused-silica fiber that we used exhibits quite low optical transmission loss in the UV ͑355 nm͒ and in the visible ͑532 nm͒. For example, experiments showed that, when the 532-nm beam is considered, the total insertion loss ͑caused by diffraction, bending, absorption, and scattering effects͒ for a specific fiber of 2-m length is of the order of 12% ͑0.28 dB͞m͒. On the other hand, the optical loss when the light received by the telescope was injected into the fiber was measured to be close to 6%, whereas the optical loss that is due to the fiber detection box coupling is of the order of 10%. Therefore, the total optical losses up to the photomultiplier tubes ͑when no antireflection-coated lenses are used͒ are of the order of 25%. In all cases, to minimize the optical loss in the lidar signal, one should select optical fibers with the lowest possible optical loss and optimize the fiber telescope and the fiber detection box coupling.
Overlap Regions
To study the dependence of the geometric form factor on the optical configuration of our lidar system, we adopted the model proposed by Halldorsson and Langerholc 9 and later refined by Measures. 7 As mentioned in Section 2, the receiving telescope is represented by a single lens of radius r m and focal length f, with a central obstruction of radius r s . The limiting aperture of the system is the diameter of the fiber, which lies on ͑or near͒ the focal plane of the telescope. The laser irradiance I͑r, z͒ in the target plane located at range z from the lidar system is assumed to be Gaussian with the laser beam radius w͑z͒ at range z given by
where w 0 represents the laser beam waist at z ϭ 0 and is the wavelength of the emitted laser beam. This kind of laser pulse distribution is expected when the output of the laser is predominantly in the TEM 00 mode. The case of lasers that exhibit a quasiGaussian behavior is dealt with zero at the end of this section. According to Measures, 7 radius r t of the circular FOV of the receiver optics at range z is given by
According to Fig. 1 , the overlap between the receiver's FOV and the laser beam defines two distinct overlap regions: the first at distance z 1 , where overlap begins and the second at distance z 2 , where the maximum overlap occurs. For near-field measurements distances z 1 and z 2 are of great importance because they set the lower detection range for the system and influence its performance. Since the center of the laser beam at range z is at a distance d͑z͒ from the receiver axis, such as
the overlap region also depends on inclination ␦ of the telescope axis relative to the laser axis and on distance d 0 between the center of the laser beam and the telescope axes. Distance d 0 is important for the performance of the lidar system, mainly to influence the overlap factor O͑z͒. As d 0 increases, distances z 1 and z 2 also increase, and the overlap factor reaches its maximum value at higher altitudes. We now consider the role of inclination ␦ on the values of distance z 1 when different fiber diameters ͑d ϭ 0.5, 1, 2, 3 mm͒ are considered ͓Fig. 2͑a͔͒. Thus, for zero inclination ͑␦ ϭ 0 mrad͒, the lowest altitude for which light is sensed by the system ranges from 70 to 170 m, depending on the fiber diameter. As the inclination increases, distance z 1 decreases. In Fig. 2͑b͒ we present the variation of the values of distance z 2 with inclination ␦ for different fiber diameters. For lidar systems equipped with a small fiber ͑ϳ0.5 mm͒ the distance at which Variation of the overlap factor with range for zero inclination ͑␦ ϭ 0 mrad͒ is shown in Fig. 3͑a͒ for different fiber diameters. For fibers with diameters of 2 and 3 mm, the overlap approaches unity at short ranges ͑500 and 250 m, respectively͒, whereas for smaller fibers with diameters of 1 and 0.5 mm the maximum values of O͑z͒ are 0.70 and 0.30, respectively. The inclination of the axes dramatically changes the overlap factors of the system. The variation of the overlap factor for an inclination of ␦ ϭ 2 mrad is shown in Fig. 3͑b͒ for different fiber diameters. In all the cases presented in this figure, the overlap factor reaches its maximum value at an altitude of approximately 200 m and then decreases rapidly, except for the 3.0-mm-diameter fiber for which the overlap factor decreases at a much slower rate. For example, at a 50-km range the overlap factor still has a value of 0.68. On the other hand, for the 2.0-mm-diameter fiber, the overlap factor decrease is more rapid, but again a value of 0.25 is obtained at a 50-km range. That range is used only as an indication of the receiver's capability to sense light from long distances, since it is inaccessible by most of the lidar systems. For fibers with smaller diameters, such as 1.0 and 0.5 mm, the overlap factor reduces to zero within a short distance ͑1000 and 500 m, respectively͒.
From the above analysis we can conclude that fibers with relatively large diameters are preferable because the corresponding overlap factor reaches its maximum value at shorter ranges. For the same fibers the overlap factor exhibits larger values than the one corresponding to fibers with smaller diameters. Moreover, they show a slower reduction rate of the overlap factor with range when the axes of the systems are not parallel. However, one must take into account that a fiber of smaller diameter reduces the background radiation sensed by the system, resulting in an improvement of the signal-to-noise ratio ͑SNR͒.
So far, with regard to the determination of the overlap factor, it is assumed that the laser irradiance I͑r, z͒ at position r in the target plane, located at range z from the lidar, is Gaussian, with a beam waist described by Eq. ͑7͒. However, in many laser sources the beam produced is not a single TEM 00 Gaussian mode, but rather a linear combination of higher-order modes. 23 The laser beam could still have the appearance of a single, circularly symmetric profile that looks Gaussian, but its propagation characteristics are quite different from a Gaussian profile. To quantify the deviation of a multimode laser beam from a perfectly pure TEM 00 beam, the so-called M 2 parameter has been proposed in the literature. 24 The M 2 parameter can be determined experimentally for each different laser system. For a multimode laser beam the laser beam radius w͑z͒ at range z is defined by
The relationship between the divergence ⌰ of the multimode beam and the divergence 0 of the singlemode TEM 00 beam is given by ⌰ ϭ M 0 . For our lidar system the emitting laser has an M 2 value equal to 1.2. The variation of the overlap factor with range is shown in Fig. 4͑a͒ for several M 2 values for a lidar system with a 2-mm-diameter fiber and zero inclination ͑␦ ϭ 0͒. For increasing M 2 values, the distance at which overlap starts decreases, but the maximum value of the overlap factor reduces significantly. The variation of the overlap factor for the same lidar system but for an inclination of ␦ ϭ 2 mrad is shown in Fig. 4͑b͒ for several 
Irradiance Spatial Distribution
Light backscattered from small and medium distances is not focused in the focal plane of the receiving optics ͑the entrance of the fiber in our case͒ but forms a diffuse intensity pattern, only part of which is sensed by the fiber and subsequently by the detector. That effect gives rise to a deviation of the detector power from the z Ϫ2 dependence as given by the lidar equation. According to the model proposed by Harms, 15 an object point at ͑x 0 , y 0 ͒ of the radiating disk at z produces a circle of confusion around the point ͑x f , y f ͒ in the focal plane where x f ϭ x 0 f͞z and y f ϭ y 0 f͞z.
Irradiance I f ͑x f , y f , z͒ in the focal plane is obtained by integration over all circles of confusion:
The irradiance distribution is not symmetric around the optical receiving axis. Figure 5 shows the irradiance in the focal plane of a fiber from the short range, middle range, and the far range corresponding to distances of 0.5 km ͑dashed curve͒, 2 km ͑dotted curve͒, and 10 km ͑solid curve͒, respectively. For each case three different inclination angles between the telescope and the laser beam axes are considered ͑␦ ϭ 0, 1.5, 3 mrad͒. Figure 5 shows that a fiber with a 2-mm cross section centered at y ϭ 0 mm does not necessarily sense light from all distances. A lidar system with a parallel receiving telescope and emitted laser beam axes ͑␦ ϭ 0 mrad͒ senses backscattered radiation from all ranges, although it is ideally matched to the farrange value. A small inclination of ␦ ϭ 1.5 mrad results in a lateral shift of the backscattered radiation at the focal plane. Signals from the middle range and the far range ͑2 and 10 km͒ are focused at the edge of the 2-mm-diameter fiber. For a larger inclination angle ͑␦ ϭ 3 mrad͒ the signal falls out of the fiber entrance and the receiver does not sense it.
The same results are shown in Fig. 6 as a twodimensional representation. The dashed circle represents the core of the fiber and all the other circles represent the area on the focal plane that is illuminated by the lidar signals received from several different ranges. Only the case with a zero inclination angle is considered here. Figure 6 thus shows that the lidar return signals from short ranges ͑i.e., 100 or 200 m͒ are partially captured by the fiber, whereas the return signals from the medium and the far ranges ͑i.e., 500, 1000, and 3000 m͒ are completely captured.
Experimental Results and Optimum Alignment Procedure
The total power received by the lidar detectors is given by Fig. 5 . Irradiance in the focal plane of a 2-mm fiber. The center of the fiber is located at ͑x ϭ 0, y ϭ 0 mm͒. Three groups of curves are presented. The first group to the right represents the irradiance for system inclination angle ␦ ϭ 0 mrad, the second for ␦ ϭ 1.5 mrad, and the third for ␦ ϭ 3.0 mrad. The solid, dashed, and dotted curves correspond to irradiances from short ͑0.5 km͒, medium ͑2.0 km͒, and far ͑10 km͒ distances, respectively. where integration area A denotes the cross section of the fiber. Figure 7 shows the total power sensed by a photomultiplier tube as a function of range for a distance d 0 ϭ 300 mm between the laser and the telescope axes. Figure 7 shows that inclination ␦ varies from 0 to 4 mrad. For inclination ␦ ϭ 0 mrad, the far-range signal is maximized ͑here it is shown only up to the 1.2-km range͒, whereas for ␦ Ͼ 0 mrad the signal decreases as the range increases, and this is at a higher rate compared with the one observed for ␦ ϭ 0 mrad. As expected, the lidar system performance ͑total optical power detected͒ depends strongly on the inclination angle and hence the accurate optical alignment is a matter of great importance. Therefore, for optimum alignment ͑which means that the far-range signal is optimized͒ inclination angle ␦ should be as close as possible to 0 mrad. Here we propose a method for optimum alignment of a lidar system, for which atmospheric return lidar signals are used. The method is based on two experimental observations. The first is that the system with zero inclination gives a SNR as high as possible for the far-range distances and the second is that a perfectly aligned system achieves the best agreement with the Rayleigh slope at an elevated altitude at which aerosol gradients appear to be negligible. Hence, optimum alignment is achieved in two steps. During the first step ͑coarse alignment͒, the signal is monitored and the optical axes are positioned where the SNR becomes as high as possible at the far-range distances. During the second step ͑fine alignment͒, the range-corrected ͑cor͒ lidar signal ͑RCS͒, P cor ϭ P͑z͒z 2 , is compared with the rangecorrected exponentially attenuated Rayleigh backscattered coefficient ␤ cor ϭ ␤ Rayleigh z 2 exp͑Ϫ ͐ a Rayleigh dz͒ at a range interval that is considered to be free from any aerosol loading ͑pure molecular atmosphere͒. The molecular backscatter and extinction coefficients ͑␤ Rayleigh and a Rayleigh , respectively͒ can be calculated either from a U.S. Standard Atmosphere 25 or, more accurately, from available local radiosonde data.
The main advantages of this alignment method are that it is an accurate and simple technique that can be easily applied without additional equipment and it can be performed on line during daytime or nighttime measurements. The disadvantage of this method is that it requires a typically 2-4-km range of cloud-free atmosphere. Figure 8͑a͒ shows the comparison between the RCS and the ␤ cor for a cloud-free atmosphere with low aerosol loading. It is shown that the two curves fit well in the 3-6-km range interval. The same comparison is presented in Fig. 8͑b͒ for a Saharan dust even that occurred over Athens on 18 April 2001, where intense aerosol dust layers are observed between the 1.5-and the 3-km altitude range. It is shown that the method is still valid, even in situations where extremely high loads of aerosols are present, provided that there is a sufficient area of aerosol-free atmosphere ͑in this case, 4 -7 km͒. Figure 8͑c͒ shows a misaligned optical system that of course, leads to erroneous data with regard to the vertical profiles of ␤ aer or a aer that we obtained. In this case the deviation from parallelism is 0.5 mrad and thus the mismatch of the two curves becomes important.
If a lidar system is supposed to probe the lower troposphere ͑up to 2-3-km height͒, significant improvement in the short-range performance of the system would result in displacement of the fiber from the focal plane along the telescope axis. For maximum capture of light the fiber does not need to be at the infinity focus. According to the model proposed by Jenness et al., 16 the fiber position for maximum capture of light is beyond the infinity focus. Figure 9 shows the raw signal detected by the photomultiplier as a function of fiber displacement from focus at infinity. The position for maximum capture of light is therefore at 2 mm beyond focus at the infinity focus.
Conclusions
An optical fiber can be conveniently used to transfer backscattered radiation to a remote detection box, thus providing suitable flexibility to the design of a mobile lidar system. For efficient capture of the return lidar signal, the fiber's numerical aperture should be compatible with the f-number of the receiving telescope. The fiber should have a sufficiently low attenuation factor at the wavelength of the return radiation and should exhibit small bending losses. The core diameter of the fiber is an important parameter since it determines the FOV of the lidar system and affects its performance characteristics. There is much theoretical and experimental evidence that a large-diameter fiber ͑i.e., 2 mm͒ is a better choice than a small fiber ͑i.e., 0.5 mm͒. Fiber losses increase when the fiber diameter decreases. The distances at which overlap and total overlap begin are smaller for larger fibers which results in better performance of the lidar system over a short range. This effect is enhanced when there is nonzero inclination between the optical axes. A significant disadvantage of the use of larger fibers is that they admit more background light than smaller fibers, thus reducing the far-range SNR. All these findings must be taken into account when one designs a noncoaxial lidar system with fiber-optic output.
The M 2 value of the laser beam is another important factor. For increased M 2 values, the distance at which overlap begins decreases, but the value of the overlap factor at the far end reduces significantly. Light backscattered from small and medium distances is not focused in the focal plane of the receiving optics but forms a diffuse intensity pattern, only part of which is sensed by the fiber and subsequently by the detector. A lidar system with parallel axes ͑␦ ϭ 0 mrad͒ senses backscattered radiation from all ranges, although it is ideally matched in the farrange area. As an example, 1.5-mrad inclination angle ␦ results in a lateral shift of the backscattered radiation captured by the fiber, whereas for larger inclination angles ͑i.e., ␦ ϭ 3 mrad͒, the signal falls out of the fiber entrance and the receiver does not sense it. Based on the experimentally determined total power received by the lidar system, a two-step procedure for optimum alignment was proposed. We achieved coarse alignment by maximizing the far-range signal, and we achieved fine alignment by comparing the range-corrected lidar signal with the range-corrected exponentially attenuated Rayleigh backscatter coefficient. The proposed procedure has proved to be an accurate and reliable alignment method, especially under conditions of low aerosol concentrations in the lower troposphere. In the latter case, this procedure can be used to test the correctness of the geometric concept of a lidar system.
